Numerous researchers have focused on the relation between kinetic friction and the surface properties of materials, such as their surface roughness and chemical state, because kinetic friction is the loss of kinetic energy at a sliding interface. Contrary to conventional wisdom, recent theory has predicated that, given the fact of phonon energy dissipation, kinetic friction depends on the properties of bulk atoms in a solid, not only on the surface properties. However, this expectation has not been proven. Here we show evidence of this idea via atomic-scale experiments and simulations. We compared the kinetic frictions of isotopically distinct single-crystal diamonds, which differ only in atomic mass, using atomic force microscopy and observed that the friction of 13 C diamond is lower than that of 12 C diamond by approximately 3%. Simulations and theoretical analysis reproduce this result well, suggesting that the lower friction of 13 C diamond originates from the inhibition of the energy-dissipative phonon by a heavier atom mass. This discovery provides a design concept of low-friction materials by tuning the energy-dissipation process with modification of the inner-solid properties; i.e. phonon properties.
Introduction
Kinetic friction occurs at an interface between solids that slide in relative motion and transforms sliding energy into heat. This ubiquitous energy-loss phenomenon has been studied intensively by macro-and micros-cale approaches because techniques for controlling friction are essential for realizing an energy-efficient society as well as for its basic scientific interest [1] [2] [3] . Despite numerous years of effort, a detailed mechanism of this friction has not been elucidated. One of the main barriers to clarifying this mechanism is the difficulty of understanding the atomic elementary processes in friction [4] [5] [6] [7] .
If we consider a kinetic friction scenario in which only relatively sliding solids are present with no third bodies, the energy-loss process of sliding energy is considered to be driven by the excitation of atomistic degrees of freedom such as vibrations of the atomic lattice (phonon) and electrons at the friction interface that dissipate into the inner bulk of the solid to eventually achieve an equilibrium heat state [2, 3] . The energy dissipation due to phonons is a nonequilibrium process in which a sliding solid interacts with another solid during shear and in which the kinetic energy transmits to dynamics of surface atoms of the others solid, as illustrated in Fig. 1 . The carrier of the kinetic energy is the generated phonons, which propagate over the solid and never return to the surface if the bulk is free of defects; specifically, the kinetic energy is consumed by the generation of the phonons. Nevertheless, the details of the nonequilibrium atomic process are still vague because the friction interface is difficult to access experimentally. Recent sophisticated nanoscale experiments by atomic force microscopy (AFM) have shed light on the energy dissipation process [9] [10] [11] [12] [13] [14] [15] [16] . For example, Saitoh et al. measured the noncontact friction between solids and an AFM probe under high vacuum and observed a significant maximum value at a distance of a few nanometers between them [10] . The origin of this feature is not yet clear but may be attributable to the phonon energy dissipation. Cannara et al. performed a unique AFM experiment to compare the frictions between silicon surfaces with hydrogen and deuterium absorbates and suggested that the friction exhibits an isotopic effect due to the modification of phonon energy dissipation; however, a molecular dynamics (MD) simulation did not support their suggested mechanism [11, 12] . Some researchers have studied the superconducting transition of a metal sample to distinguish the electronic contribution to the kinetic friction [10, [13] [14] [15] . Such a modern view that comprehensively addresses the friction as a nonequilibrium atomic phenomenon has identified remarkable features of the friction, but these investigations are still few in number.
In terms of theoretical development, some of us developed a new scheme referred to as the semi-infinite dynamics lattice Green's function (SI-DLGF) method to simulate phonon energy dissipation in kinetic friction [17] [18] [19] . The scheme uses a coupled-harmonic oscillator surface model consisting of infinite solid atoms. The inclusion of the infinite atoms reproduces propagation of the excited surface phonon by shear dynamics and eliminates the recurrence of the dissipated phonon due to artificial reflection at the bottom of the simulation cell. SI-DLGF studies have offered a new insight into the fundamental nature of the friction, indicating that even without surface modifications the friction should vary with changes in the phonon parameters such as the atomic bond strength, the structure, and the mass of the bulk atoms of a solid because the phonon properties affect the energy dissipation process. However, this theoretical expectation remains unproven.
In this paper, we provide evidences supporting the hypothesis that kinetic friction depends on the properties of the bulk solid and not solely on the surface properties. The results improve out basic the knowledge of the atomistic energy loss process and open a new potential path for the technical control of friction.
To detect the effect of phonon energy dissipation on friction, we should choose model systems in which the bulk properties vary but the chemical properties remain unchanged so that the surface interactions remain unchanged. One way to achieve this objective is to employ different isotopes of elements that differ only in mass while the other characteristics remain fixed. We therefore evaluated two isotopic forms of diamond: a 12 C form, which is the most abundant natural isotope, and a 13 C form, which is heavier by the mass of one neutron. We compared the kinetic frictions observed in these forms by AFM measurements and SI-DLGF simulations. 
Experiment
A three-layered single-crystalline diamond sample grown on a (001) diamond substrate with isotopic diamond layers of 13 C and 12 C was prepared using a 1.5-kW ASTeX 2.45 GHz microwave plasma-assisted chemical vapor deposition (CVD) system, as shown in Fig. 2(a) [20] . The rate of layer formation was set to obtain layers with a thickness of 1 m each. The diamond substrate was a high-pressure and high-temperature (HPHT) synthetic single-crystal diamond plate from Sumitomo Electric Hardmetal. C, corresponding to the HPHT diamond substrate. The layered sample was subsequently cleaved to produce a (111) surface. The cleaved sample was cleaned by wet chemical processes and then treated with hydrogen plasma in the processing chamber to achieve uniform surface states of the isotopic layers. One-layered single diamond samples of 12 C and 13 C on HPHT plates were also prepared by similar procedures of the deposition and surface cleaning treatment except for cleaving. Contact-mode AFM measurements of the samples by using a SHIMADZU SPM-9500J3 were then performed in ambient air. The AFM probe used for these measurements was composed of SiN and its tip radius of curvature was 10 nm (NanoWorld PNP-DB). The friction forces were measured by the torsion angles of the probe, and the adhesive forces between the sample and the probe were evaluated by force-distance curves
Simulation
We used a simple two-dimensional model in which the lower and upper solids are facing each other and relatively sliding (see Fig. 3 ). As the lower solid, a diamond sample was modeled by a square coupled-harmonic oscillator and the surface of the solid carbon atoms was covered with model hydrogen. The intra-solid bonds were replaced by two-component springs within the harmonic approximation. Although these approximations in the structure and bonds should affect the kinetic friction value, this simple model can be reasonably expected to describe the dependence of friction on mass because our aim is to examine a qualitative behavior rather than to reproduce a quantitative value. The spring constants of the C-C bond along the bond-extending direction and the direction perpendicular to the bond were 0.15 and 0.1 a.u. (force/length), respectively, whereas those for the C-H bond were 0.3 and 0.05 a.u. (force/length), where a.u.
indicates an atomic unit. The C-C and C-H bond lengths were 3.38 and 2.08 bohr. These parameters were obtained from those simulated for the diamond by an electronic state calculation based on density-functional theory. The number of inner atomic layers was infinite. The dynamics of the surface atoms in an infinite-size system can be simulated by the recently developed SI-DLGF method [17] [18] [19] . Notably, this method can depict the energy dissipation by excitation of lattice vibration at the friction interface. The atoms in the upper solid were frozen at their equilibrium positions for simplicity, and they slid along the surface lateral direction. The bond length was 5.1 bohr. The normal load per lower surface atom was 0.2 nN; the value in pressure was equivalent to approximately 10 GPa, which is of the same order as the contact pressure in the AFM experiments estimated by Hertzian contact theory. We used two upper and three lower surface atoms in the unit cell and applied a periodic boundary condition along the surface lateral direction. The time evolution of the atoms described by the SI-DLGF method was solved by the fourth-order Runge-Kutta algorithm with a time step of 0.75 fs using the fast convolution scheme [18] . The interaction potential between the surfaces was a repulsive Lennard-Jones potential: 12 6 / ) / ) } ( )=4 {( ( 
Results
In the case of the three-layered single-crystalline diamond sample, the AFM probe was placed at the edge of the cross-sectional surface and was slid in oscillatory motion along the [ 112 ] direction across the isotopic layers as shown in Fig. 2(a) . The sliding velocity was 10 m/s, and the normal load was 15 nN. In each scan, the oscillating probe moved 1 m toward the [ 110 ] direction and the detected data were averaged along this direction. Figure 2(c) shows the profiles of the averaged friction force and height, and the vertical dashed lines passing through Figs. 2(b) and (c) indicate the boundaries of the different diamond isotopic regions. An ideally flat surface was obtained because the height profile does not show significant differences between the surface roughnesses of each diamond layer. We observed that kinetic friction in the 12 C region of the CVD diamond layer is 2-3% larger than that of the 13 C region. We performed another test by comparison of individual samples of isotopic single-crystalline CVD diamond grown on the (001) surface. The scan area was 0.5×0.5 m 2 , and the friction force was averaged over the scan area. The measurements were performed three times on each sample in turn to reduce the error caused by the probe deterioration with multiple scans. The sliding velocity and normal load were 1 m/s and 25 nN, respectively. Figure 4 shows the averaged friction force and adhesion force measured by AFM. Because the adhesion force for the 12 C sample is similar to that for the 13 C sample, the surface states of the two samples appears to be similar. The friction force of the 12 C diamond is 2.5% greater than that of the 13 C diamond; this result is consistent with that of the cleaved three-layered sample.
Next, we used SI-DLGF simulations to examine the isotopic effect on kinetic friction; the setup is shown in Fig. 3 . Figure 5 shows the dependence of friction on the carbon isotope mass with respect to the sliding velocity.
The friction of 13 C was lower than that of 12 C by approximately 3%, which is consistent with the results of the AFM experiments. Although we observed a large difference in the sliding velocities, which were on the order of m/s in the simulations and on the order of m/s in the experiments, the decrease in friction of 13 C may hold in the limit of this slower sliding velocity because varying the sliding velocity in the simulations did not significantly alter the isotope effect.
Discussion
A recently developed theory can explain the decrease in friction due to the heavier mass. The friction energy dissipation rate J can be expressed as [18, 19] ( ) ( )
where F, V, F l , and V l are the friction force, the sliding velocity, the applied force, and velocity vectors of the surface atoms of a solid in wavenumber space with the index l, respectively. The operator < > t indicates time averaging. When inserting the time evolution of V l in SI-DLGF formula into Eq. (1), we derive , which is the theoretical ratio explained in the text highest term if the sliding does not exhibit a stick-slip behavior. In our experiments, the data did not indicate any stick-slip behaviors. Thus, we can reasonably approximate the force vector as ,0 ,1 0 1
can be used because the sliding velocity is much slower than the velocity of sound in a solid, where K is the averaged spring constant of atomic bonds in a solid. On the basis of the approximations, Eq. (2) 
In static contact, the atomic mass does not alter the local atomic configuration at the contact interface [19] . The same atomic configurations in static contact may result in similar fluctuations in the shear force, because the force fluctuation originates from the motion of surface atoms climbing over the surface-atomic-potential corrugation at the contact interface. Thus, F * appears to depend on the surface interaction, but it does not significantly depend on the mass. On the basis of this consideration, assuming 2 * * 13 12
(1), we expect the friction to decrease as 13 12 ( )/ ( )~12/13 F C F C . A comparison of the simulation and the expected ratio 12 /13 denoted by a horizontal dashed line in Fig. 5 indicates the consistency of the results. The slight difference may arise from our assumption that F * is independent of mass. Nevertheless, the SI-DLGF theoretical framework reproduces the experimentally observed decrease with a heavier mass, indicating that the modification of friction results from isotopic shifting of the phonon energy dissipation rate. An intuitive explanation of the friction difference is that, in comparison with a lighter mass, a heavier mass inhibits the excitation of the energy-dissipative lattice vibration.
The possibility of surface changes induced by isotope-dependent stabilities should be discussed. Cannara et al. observed by AFM that friction decreases when silicon and diamond surfaces are terminated with heavier deuterium instead of hydrogen atoms [11] . They argued that the isotope effect originates from the lower vibrational frequency of the chemisorbed deuterium dissipating shear energy at a lower rate. However, Mo et al. examined the dependence of friction on hydrogen and deuterium terminations using MD simulations and proposed another origin of the isotope effect [12] . Because hydrogen thermally desorbs from the surface more frequently than deuterium, the deuterium-terminated surface is more chemically stable than the hydrogen-terminated one. They concluded that the isotope-dependent surface stability might lead to the friction modification. Let us examine this possibility in our case. The thermal desorption rate is regulated by the pre-exponential coefficient of the Arrhenius equation; this coefficient is the vibrational frequency of the terminating species. In an experiment using Fourier-transform infrared spectroscopy, we observed a hydrogen frequency shift of 0.3% between isotopically distinct diamonds [21] . Even if the 0.3% difference in the desorption rate increases the number of dangling bonds and enhances the chemical instability of the 12 C diamond surface, Mo's analysis reveals that such a small quantity cannot account for the ~3% difference in the kinetic friction that we observed.
Notably, Fig. 2(c) shows gentle shifts in friction over a width of approximately 0.5 m centered at the boundary between the 12 C and 13 C regions, whereas the TOF-SIMS signal in Fig. 2(b) shows sharp boundaries. We explain this disparity by suggesting that a modification of the lattice properties (i.e., a modification of the mass distribution in this case) within the range of the surface phonon wavelength interferes with the energy-dissipative phonon. Actually, simulations have shown that the interference wavelength is expected to be of submicron order [18, 19] .
Conventionally, a major technical approach to controlling friction is to modify the surface interactions of the solids; low-friction surface coatings and lubrication additives are good examples of this approach in improving tribological performance [22, 23] . Other authors recently reported an interesting friction modification induced by varying the van der Waals surface interaction due to changing SiO 2 thickness, although their approach is categorized as modification of the surface interactions [24] . The result in the present study showed the importance of bulk effect as well as the surface interaction in kinetic friction. The bulk contribution is evident in Eq. (2), which indicates that kinetic friction is the product of the bulk term Re ( ) Employing recent microfabrication techniques, e.g., the multi-film deposition and ion-beam etching techniques used to fabricate electronic devices, spintronics, phononic crystals, and thermal diodes [20, [25] [26] [27] , we can modify the inner-solid properties for the purpose of tuning of the phonon energy dissipation. This approach, which does not rely on surface modification, may open a new path for controlling kinetic friction in material design.
Conclusions
We compared kinetic frictions of isotopic diamonds by AFM experiments and SI-DLGF simulations to examine the effect of phonon energy dissipation on friction. We deduced the following conclusions: (1) Both the experimental and simulated results indicated that the friction of 13 C diamond was lower than that of 12 C by approximately 3%. (2) The friction reduction due to heavier mass results from the inhibition of the phonon energy dissipation. (3) These results suggest that modification of inner-solid properties may change friction because it affects behavior of the phonon energy dissipation.
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